Activation of human heat shock gene transcription by heat shock, heavy metal ions, and amino acid analogs required the heat shock element (HSE) in the HSP70 promoter. Both heat shock-and metal ion-induced HSP70 gene transcription occurred independently of protein synthesis, whereas induction by amino acid analogs required protein synthesis. We identified a HSE-binding activity from control cells which was easily distinguished by a gel mobility shift assay from the stress-induced HSE-binding activity which appeared following heat shock or chemically induced stress. The kinetics of HSP70 gene transcription paralleled the rapid appearance of stress-induced HSE-binding activity. During recovery from heat shock, both the rate of HSP70 gene transcription and stress-induced HSE-binding activity levels declined and the control HSE-binding activity reappeared. The DNA contacts of the control and stress-induced HSE-binding activities deduced by methylation interference were similar but not identical. While stable complexes with HSE were formed with extracts from both control and stressed cells in vitro at 25°C, only the stress-induced complex was detected when binding reactions were performed at elevated temperatures.
Heat shock genes are expressed in response to a wide range of physiologically and chemically induced stress conditions (16) . A heat shock element (HSE), which has been identified by deletion mapping and site-specific mutagenesis, is required for transcriptional activation of heat shock genes (11, 22) . The HSE is able to confer heat shock responsiveness when fused to a heterologous gene and tested by transfection or on microinjection into Xenopus oocytes (4, 23) . In most species the HSE appears as multiple arrays of the consensus sequence C--GAA--TTC--G, which is located at various distances from the site of transcription initiation (1, 16, 38) .
Expression of the human HSP70 gene is also regulated during normal conditions of cell growth and differentiation (13, 19, 34) , as well as under various stress conditions (31, 33) . This complexity in transcriptional regulation is due to multiple cis-acting promoter elements in the 5'-flanking sequences of the human HSP70 gene (10, 20, 33, 35) . A proximal domain which extends to position -68 contains sequences that are required for basal transcription, growthregulated expression, and regulation by adenovirus type ElA (34; G. Williams, T. McClanahan, and R. Morimoto, manuscript in preparation). The promoter sequences necessary for heat shock and metal ion induction are located in a distal domain which extends from positions -68 to -107 (33) . Within this region is a single highly conserved HSE (8 of 8 positions match to the consensus sequence) centered at position -100 which overlaps with a weak HSE (4 of 8 positions match to the consensus sequence) centered at position -90 and flanks adjacent weak HSEs (5 of 8 positions match to the consensus sequence) centered at positions -86 and -110 (12, 33) . Although sequences at position -91 are related to a metal responsive element in the metallothionein II gene (14, 28) , the single HSE centered at position -100 has been found to be sufficient for stress-induced transcription of the human HSP70 gene (G. Williams and R. Morimoto, manuscript in preparation).
A heat shock-activated factor that interacts with the HSE * Corresponding author.
has been identified in yeasts (26, 27, 32) . Drosophila melanogaster (21, 30, 36, 37, 39) , and human HeLa cells (15, 26) . In addition to heat shock, this HSE-binding activity can be induced by treating Drosophila cells with dinitrophenol and sodium salicylate, both of which induce heat shock protein synthesis (39) . HSE-binding activity appears rapidly in heatshocked cells and is not blocked by inhibiting protein synthesis (15, 39) . This suggests that the factor is present in nonstressed cells and gains DNA-binding activity as a result of a heat-induced modification. A factor which has HSEbinding activity is also present in nonstressed yeasts (26, 27) and Drosophila cells (24) . Purified HSE-binding proteins from yeasts (27, 32) and Drosophila cells (32, 37) are able to activate HSP70 gene transcription in vitro (32) or when microinjected along with a Drosophila HSP70 gene into nonshocked Xenopus oocytes (37) . In this study we examined the rate of human HSP70 gene transcription in response to heat shock, metal ions, and amino acid analogs. Coordinate with increased transcription, as measured by nuclei run-on analysis, was the appearance of the induced form of a HSE-binding activity from heatshocked, metal ion-treated, and azetidine-treated cells. Protein synthesis was not required for heat shock or metal induction but was required for the activation of HSP70 gene transcription and stress-induced HSE-binding activity by amino acid analogs. We identified a HSE-binding activity in control cells which was similar but not identical to the binding activity in heat-shocked or chemically stressed cells.
MATERIALS AND METHODS Measurement of transcription rates and mRNA levels. Transcription in isolated nuclei (6) and subsequent purification and hybridization of nascent transcripts were performed essentially as described previously (2, 29) , as were RNA purification and analysis by Si nuclease protection assays (29) .
Preparation of cell extracts and gel shift and methylation interference assays. HeLa cells were grown in culture dishes (diameter, 10 cm) in Dulbecco modified Eagle medium supplemented with 5% calf serum. For heat shock the dishes HSE-BINDING ACTIVITY AND HSP70 GENE TRANSCRIPTION   4737 were sealed with Parafilm and immersed in water baths at the indicated temperatures, which were regulated to within ±0.1°C. For chemical treatments, cells were incubated with the metal ion cadmium sulfate (30 ,uM) or the proline analog L-azetidine-2-carboxylic acid (5 mM). Parallel cultures were subjected to heat shock or incubated with cadmium or azetidine in the presence of 100 p.g of cycloheximide per ml. Whole-cell extracts were prepared from a single dish containing 5 x 106 to 10 x 106 cells (39) . Cells were harvested, centrifuged, and rapidly frozen at -80°C. The frozen pellets were suspended in a buffer containing 20 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; pH 7.9), 25% (vol/vol) glycerol, 0.42 M NaCl, 1.5 mM MgCI2, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, and 0.5 mM dithiothreitol and centrifuged at 100,000 x g for 5 min. The supernatants were frozen in liquid nitrogen and stored at -80°C. The protein concentration was estimated with an assay kit (Bio-Rad Laboratories, Richmond, Calif.).
For the gel mobility shift assays (7, 8, 25) and once with chloroform-isoamyl alcohol and was precipitated with ethanol. The pellets were suspended in 100 ,ul of 1 M piperidine and incubated at 90°C for 30 min, and the piperidine was removed by lyophilization. The DNAs were suspended in 100 ,ul of water, frozen, and lyophilized. The radioactivity in the dried samples was determined by Cerenkov counting. Equal counts of samples recovered from the free and the bound regions were electrophoretically separated along with a guanine reaction ladder (18) on a 16% polyacrylamide-8 M urea sequencing gel. The gel was run at 1,800 V, dried, and exposed to XAR film (Kodak) at -70°C with an intensifying screen.
RESULTS
Identification of HSF-HSE complexes in control and heatshocked cells. The factor(s) in human cells which interact with HSEs were identified by the gel mobility shift assay. A synthetic double-stranded oligonucleotide corresponding to the two overlapping HSEs located between positions -107 and -83 in the human HSP70 promoter was used as a probe for binding to factors from HeLa cell lysates. The DNAprotein complexes formed during incubation at 25°C were separated from free radiolabeled HSE oligonucleotide by electrophoresis on native polyacrylamide gels. The free HSE oligonucleotide migrated to the bottom of the gel, while specific and nonspecific complexes migrated more slowly (Fig. 1) .
HeLa cells maintained at 37°C contained a HSE sequencespecific binding activity (Fig. 1, lane Fig. 1 that the electrophoretic migration of the HSE-binding activity from control cell extracts is distinct from that observed from heat shock extracts. The term heat shock factor (HSF) is used to describe the HSE-binding activity from control cells (cells grown at 37°C) or stressed cells.
The dynamic nature of the control and heat-shocked forms of HSF was examined in cells that were incubated at 42°C for up to 3 h or in cells that were incubated at 42°C for 30 min and allowed to recover at 37°C (Fig. 2) . Stress-induced HSF appeared rapidly during a continuous heat shock, with near maximal levels being detected by 15 In experiments performed in parallel with the transcription studies described above, we examined the effect of the protein synthesis inhibitor cycloheximide at a level (100 ,ug/ ml) which was sufficient to block greater than 98% of protein synthesis. Protein synthesis was not required for the activation of HSP70 transcription by heat shock or cadmium, nor for its subsequent repression during continuous stress (Fig.  3A) . Similar results were obtained with the protein synthesis inhibitors anisomycin and pactamycin (data not shown). We consistently observed subtle effects of cycloheximide on the transcription of the HSP70 gene. For example, the rate of HSP70 gene transcription induced by heat shock was initially higher in cells treated with cycloheximide and then fell more rapidly. In cadmium-treated cells, cycloheximide caused a delay in the induction of HSP70 transcription. In contrast, the transcriptional induction of HSP70 by azetidine was abolished in the presence of cycloheximide, presumably because azetidine must be incorporated into newly synthesized proteins to have an effect. These results reveal that the activation and repression of HSP70 gene transcription which occurs during heat shock or cadmium treatment is not dependent on protein synthesis, in particular, on newly synthesized HSP70, whereas cycloheximide pretreatment blocks the ability of azetidine to induce HSP70 transcription.
Kinetics of HSF-binding activity following heat shock, metal ion, and amino acid analog stress. HSE-binding activity was studied in experiments performed in parallel with those described in Fig. 3 . Nearly maximal levels of the stressinduced form of HSF appeared after 15 min at 42°C (Fig. 4A,  lane 2) . The levels of HSF remained nearly maximal until 120 min (lane 5) and then declined to weakly detectable levels by 240 min (lane 6). In the presence of cycloheximide, the stress-induced form of HSF was activated to nearly maximal levels at 15 min but declined rapidly between 30 and 60 min (lanes 8 and 9). Incubation with cycloheximide alone for periods of up to 6 h did not cause the appearance of stress-induced HSF ( Fig. 4A and B, lanes 12; and Fig. 4C , lane 10).
Comparison of the results presented in Fig. 3 paralleled the rapid decrease in levels of stress-induced HSF. These results also reveal that protein synthesis is not required either for the activation of HSP70 gene transcription or for the appearance of the heat shock-induced form of HSF. However, a more rapid decrease in levels of stressinduced HSF and HSP70 gene transcription rates occurred during continuous heat shock in the presence of cycloheximide.
In cadmium-treated cells the level of stress-induced HSF increased by 30 to 60 min (Fig. 4B, lanes 2 and 3) , attained maximal levels between 120 and 240 min (lanes 4 and 5), and declined by 360 min (lane 6). The mobility of metal-induced HSF was indistinguishable from that of the heat-induced HSF. As was observed for heat shock, the relative levels of cadmium-induced HSF (Fig. 4B) and HSP70 gene transcription (Fig. 3) coincided. In the presence of cycloheximide (Fig. 4B, lanes 7 to 11) , appearance of the stress-induced HSF was delayed approximately 60 min, attained maximal levels between 120 and 240 min (lanes 9 and 10), and declined by 360 min (lane 11).
Azetidine treatment resulted in the appearance of stressinduced HSF (Fig. 4C, lanes 2 to 5) . Maximal levels did not appear until 120 min, which was also the period at which the HSP70 gene transcription rate was maximal (Fig. 3A) . Stress-induced HSF did not appear when azetidine-treated cells were also treated with cycloheximide (Fig. 4C, lanes 6  to 9) . These results suggest that the de novo synthesis of azetidine-substituted proteins provides the signal for the appearance of stress-induced HSF.
Further support for multiple mechanisms of stress induction of HSF comes from experiments in which HeLa cells were heat shocked in the presence of cycloheximide for 120 min and then treated with cadmium for 120 min. Stressinduced HSF was no longer detected in cycloheximidetreated cells that were heat shocked for 120 min (Fig. 4A,  lane 10) . The requirement for continued protein synthesis could be necessary to maintain HSF levels or the factor(s) involved in HSF activation. To distinguish between these possibilities, we asked whether cadmium treatment could reactivate the stress-induced form of HSF in heat-shocked and cycloheximide-treated cells. The addition of cadmium resulted in the reappearance of the stress-induced form of HSF (Fig. 4A, lane 13) and a corresponding reactivation of HSP70 gene transcription (data not shown). However, heat shock treatment of cadmium-and cycloheximide-treated cells did not further increase the levels of stress-induced HSF (Fig. 4B, lane 13) .
These results suggest that heat shock and metal ions might activate HSF by distinct mechanisms. This is consistent with our observations that only heat shock induction of HSF requires protein synthesis for the continued maintenance of the induced form of HSF. Although the factor or factors necessary for the heat shock pathway are not active during prolonged incubation with cycloheximide, our results suggest that a metal ion-responsive pathway for HSF activation remains available.
Specificity of the HSF-HSE complex from control and heat-shocked cells. We identified the specific nucleotides in HSE which interacted with control or stress-induced HSF in a sequence-specific manner using methylation interference. The [32P]HSE oligonucleotide was partially methylated with dimethyl sulfate and used as a substrate for the gel shift assay. The bands corresponding to the control and heatshocked forms of HSF were eluted, treated with piperidine, and analyzed by urea-acrylamide gel electrophoresis. Those guanine residues which interfered with factor binding when methylated are underrepresented in the bound fraction, as compared with the free DNA. The methylation interference reactions shown in Fig. 5 correspond to the upper and lower strands when extracts from HeLa cells maintained at 37°C, incubated at 42°C, or maintained in the presence of cadmium were used. Overall the pattern of direct protein contacts with guanine residues was very similar, yet a few differences between the control and heat shock patterns were apparent.
Contacts with three guanine residues at positions -105, -104, and -94 in the upper strand were identical for HSF from control, heat-shocked, and cadmium-treated cells. However, on the lower strand the HSF from control cells was in contact with an additional guanine residue at position -107 and the heat-shock-and cadmium-induced HSF was in tighter contact with residues at positions -% and -97. The nonspecific band (Fig. 1) was also examined and was not found to have any specific DNA-protein interactions (data not shown).
The results of methylation interference revealed five common guanine nucleotides in the HSE which contacted control or stress-induced HSF. To further establish the importance of these DNA-protein contacts, we used a HSE mutant oligonucleotide (HSE-) in which the guanine nucleotides at positions -105, -104, and -94 on the upper strand and at positions -97 and -96 on the lower strand were changed (Fig. 6) . While the control and heat-shocked forms of HSF were specifically competed for by the wild-type HSE oligonucleotide (lanes 2 and 6), the mutant HSE-oligonucleotide did not compete for binding with either form of HSF (lanes  4 and 8) . These results further demonstrate that the core HSE promoter element (C--GAA--TTC--G) specifically interacts with HSF from control and stress-induced cells.
Dissociation rate of HSF-HSE complex from control and stressed cells. We examined the stability of DNA-protein complexes that were formed with extracts from control and heat-shocked cells. This was determined by measuring the level of preformed HSF-HSE complex that remained after prolonged incubation in the presence of a 50-fold molar excess of unlabeled HSE oligonucleotide. The dissociation half-time for the HSF-HSE interaction formed with extracts from heat-shocked cells was 39 min (Fig. 7) . In contrast, the HSF-HSE interaction formed with extracts from control cells had a dissociation half-time of 150 min (Fig. 7) . No decrease in binding was seen when a 50-fold molar excess of [32P]HSE oligonucleotide that was 5' end labeled on either the upper or the lower strand. Binding reactions contained whole-cell extracts prepared from control (370C), heat-shocked (420C for 1 h), or cadmium-treated (30 ,uM cadmium for 2 h) cells. Free (F) and bound (B) DNA (as noted in Fig. 1 ) was separated by electrophoresis on a 4% polyacrylamide gel. The DNAs were recovered from the gel and after purification were cleaved with piperidine. The cleavage products were then separated on a 16% polyacrylamide-urea gel together with a guanine reaction ladder (L). The sequence of the human HSP70 promoter from positions -70 to -120 is shown at the bottom of the figure. The HSE consensus sequence is underlined with solid boxes. The results of the methylation interference experiment with extracts from heat-shocked or cadmium-treated cells (A) and with control cell extracts (B) are shown. The guanine residues which interfered with binding when they were methylated are indicated by closed circles. The open circle indicates a weaker interaction. a nonspecific oligonucleotide containing the CCAAT box was used as a competitor of the HSF-HSE preformed complexes (data not shown). Results of these studies offer further support that the control and stress-induced forms of HSF interact with the same guanine nucleotides in the HSE oligonucleotide, yet with different affinities.
HSF-HSE binding studies at different temperatures. We have shown in previous experiments that the control and stress-induced forms of HSF interact with the synthetic HSE in a sequence-specific manner. We next considered the possibility that the heat shock-induced form of HSF could form more stable protein-DNA complexes than the control form at elevated temperatures. Binding reactions with extracts from control, heat-shocked, or cadmium-treated cells were incubated at 25, 37, 40, and 43°C and immediately loaded onto acrylamide gels. The results shown in Fig. 8 reveal that the stability of the control HSF-HSE complex was reduced as the temperature of the binding reaction was increased above 25°C. While the control form of HSF formed stable interactions at 25°C (Fig. 8, lane 1) , a shift to 37°C or above (lanes 2 to 4) caused rapid dissociation of the HSF-HSE complex. The control HSF-HSE complex reappeared when the complex was allowed to reform at 25°C 1 to 4) , cells heated at 42°C for 2 h (lanes 9 to 12), and cells treated with cadmium sulfate for 2 h (lanes 13 to 16). Binding reactions were performed for 20 min at 25°C (lanes 1, 9, and 13), 37°C (lanes 2, 10, and 14), 40°C (lanes 3, 11, and 15 (10, 20, 33, 35 (14, 28, 31, 33) . Comparison of the upstream promoter elements of these genes does not suggest that there is a common mechanism; for example, HSE is only found immediately upstream of the HSP70 gene but not in the metallothionein (14) or the GRP78 (3) genes.
Likewise, the metallothionein genes are not heat shock responsive. Yet transcription of all three genes responds to the same metal ions, suggesting that metal ion-sensitive intermediates in the pathway of transcription activation are likely to be present, transmitting this information to transcription factors such as HSF.
If the HeLa factor present in control cells binds constitutively in a stable complex with the HSE, how does heat shock activate transcription? We showed that the control form of the complex is very unstable when binding reactions are incubated at elevated temperatures in vitro (Fig. 7) . During heat shock, the HSE could become available for binding by the stress-induced HSF if the control form binds poorly at elevated temperatures in vivo. This suggestion could explain why factor binding and transcriptional activation are slower when cells are stressed by means other than heat shock. In these situations, binding of the stress-induced HSF would be limited by the slow dissociation rate of the constitutively bound control form of the factor. However, if the factor found in control HeLa cells does not interact with the chromatin in vivo simply because the two are in separate compartments, then the dissociation rate of this complex may be irrelevant to transcriptional control.
Although the mechanism by which HSF activity is induced in vivo is not known, our studies offer some insight into the pathway of HSF activation. Depending on the environmental or chemical stress, there are differences in the kinetics of HSP70 gene transcription and the levels of stress-induced HSF. The slower kinetics seen in metal ionor amino acid analog-treated cells relative to that seen in heat-shocked cells could also reflect different pathways for the stress-induced activation of HSF. The cellular perturbations associated with heat shock are likely to be rapid, whereas chemical inducers would act slowly on the target for HSF activation. Our results with azetidine show that incubation of HeLa cells with this proline analog required 30 to 60 min in order to accumulate critical levels of de novosynthesized, azetidine-substituted proteins before activation of HSF could occur. These results reveal the sensitivity of the intercellular trigger for HSF activation. It appears that heat shock and cadmium activate HSF through independent pathways, since cells that were heat shocked in the presence of cycloheximide for 2 h no longer contained the stressinduced HSF, yet the addition of cadmium to these cultures caused the reappearance of stress-induced HSF. It is of interest to establish the biochemical pathways by which amino acid analogs, metal ions, and heat shock activate a single transcription factor, HSF. Such studies will reveal whether multiple pathways for stress-induced gene activation are available to the cell.
